Featured Application: This research points out that EMFs exposure may induce modifications of the DNA in some blood cells of long-term exposed people.
Introduction
Non-ionizing electromagnetic fields (EMFs) are widely used in everyday life, because a lot of electronic devices (mobile phones, cordless phones, computers, etc.) work by emitting and receiving EMF radiations. As such, people are continuously exposed to such non-ionizing radiation: although it cannot produce charged ions when passing through human body, it can induce charge movements which can affect active transport across cell membranes, cause oxidative stress and interfere with DNA [1] [2] [3] [4] [5] . Although the scientific debate concerning adverse health effects of EMFs has been developed for many years, today controversial results still occur [6] [7] [8] .
Among biological tissues, peripheral blood is one of the most involved in environmental EMF exposure, because it circulates throughout the human body and passes just below the skin, i.e., very close to the external environment where EMFs are present. Blood consists of many components, which play the functions of nutrition and defense of the human body. In particular, monocyte and lymphocyte cells play the fundamental role of immune defense against infections of pathogens. Therefore, it is worth investigating the effects consequent to exposure of peripheral blood lympho-monocyte (PBLM) cells to non-ionizing EMFs, in order to better establish measures to protect the population against adverse effects due to proliferation of source of EMFs. Many results have been recently reported about the induction of changes in cells extracted from peripheral blood and exposed to EMFs. In particular, Tice et al. [9] demonstrates that radiofrequency (RF) signals with specific absorption rate (SAR) larger than 5.0 W/kg can induce chromosomal damage in long-term exposed human lymphocytes. Mashevich et al. [10] reported chromosomal instability in human peripheral blood lymphocytes exposed to 830 MHz EMFs (SAR 1.6-8.8 W/Kg). Kazemi et al. [11] showed a significant increase of reactive oxygen species (ROS) production in monocytes extracted from peripheral blood after exposure of blood samples to 900 MHz EMFs, whereas it was not significant in lymphocytes. Taheri et al. [12] investigated the blood from people living in the vicinity of tower antennas for mobile phones and they found that some blood parameters, such as the percent of monocyte cells, were altered by exposure. This latter study raised an alert for health safety of people involved in long-term exposure to EMFs.
Recently, we reported on morphological modifications, biochemical changes, increase of the oxygen consumption rate and damage of the oxidative phosphorylation system occurring in lympho-monocyte cells extracted from peripheral blood exposed to 1.8 GHz EMFs (with an SAR value of 0.21 W/Kg) for several times ranging from 1 h to 20 h [13] . In particular, we measured and compared, for each exposure time, unexposed and exposed PBLM cells isolated from the blood obtained by single human donors. Significant biochemical differences for 5, 12 and 20 h exposure times were found. Such biochemical modifications were detected by means of Raman microspectroscopy measurements of single PBLM cells. Raman spectroscopy is an analytical technique based on the measurement of the energy of vibrational modes of functional groups inside the investigated cells. This technique has been largely applied to obtain information about biochemical changes induced by exogenous agents at single cell level [14] [15] [16] . Multivariate statistical methods, such as principal component analysis (PCA), can be used to analyze Raman spectra dataset including cells of different type: in fact, PCA allows to discriminate them according to differences in their biochemical content and identify the spectral features with large variability [16] [17] [18] .
In this study we investigated, by means of Raman microspectroscopy technique and PCA, the biochemical effects on PBLM cells isolated from the blood obtained by a set of healthy human donors and exposed to 1.8 GHz EMFs for 5, 12 and 20 h. The main difference between the present investigation and that reported in [13] is the different number of healthy subjects from whom blood the PBLM cells were isolated. In particular, in this work, PBLM cells were obtained from the blood of many people, whereas in our previous work [13] each exposed and unexposed blood sample, for a given time, came from one single healthy subject. Biochemical modifications, consisting in the decrease of the DNA to protein intensity ratio in the exposed cells with respect to the unexposed ones, particularly after 20 h exposure time were found. These changes occurred with a SAR value of 0.21 W/Kg, which is lower than the limit value for public exposure established by the International Commission on Non-Ionizing Radiation Protection (ICNIRP) [19, 20] . Therefore, it is important a careful investigation about the currently existing safety standards occurs.
Materials and Methods

Blood Collection and EMFs Exposure
The peripheral blood collection occurred in the Blood Bank of "Ospedali Riuniti" Hospital (Foggia, Italy). In particular, 60 healthy people were selected for blood donation. All subjects gave their informed consent for inclusion before they participated in the study. The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the local ethics committee (Ospedali Riuniti di Foggia-University Hospital cod. 30/CE/2014). The blood sample from each donor was collected in a Vacuette tube (made of PET and internally coated with K 3 EDTA, in order to avoid coagulation). Blood was kept inside such a tube during time exposure to EMFs. The tubes fulfilled the ISO 6710 standard requirement [21] . Six groups, each consisting of 10 randomly chosen tubes, were formed: three groups for the EMFs exposure and the other three for the unexposed control. The exposure process was accomplished for three different times: 5, 12 and 20 h. In particular, 10 blood samples were exposed to EMFs inside a reverberation chamber, as described elsewhere [22, 23] , whereas another 10 samples were kept close to the reverberation chamber: these latter samples are the control (unexposed) samples. The frequency of EMFs was fixed at 1.8 GHz and the electric field strength was set at the root mean square (rms) value of 200 V/m, corresponding to a SAR value of about 0.21 W/Kg. Details of exposure apparatus and calculation of SAR value are reported elsewhere [13] .
Isolation of Lympho-Monocyte Cells
After each exposure experiments, the blood of the 10 exposed and 10 control tubes were respectively mixed, in order to obtain two samples: one consisting of blood exposed to EMFs and the other one made of unexposed (control) blood. Ficoll-Hypaque density gradient separation method was used to extract PBLM cells from blood samples. The extracted cells were incubated for 4 h in 6-well plates, where poly-lysine coated coverslips had been placed in complete RPMI 1640 medium supplemented with 10% fetal bovine serum. After incubation, most of monocytes attached to the coverslips, whereas most of lymphocytes stayed suspended in the medium. Eventually, the medium was removed and the cells attached to the coverslips were fixed with 3.7% para-formaldehyde in phosphate buffer saline (PBS).
Raman Microspectroscopy and Spectra Processing
In order to perform Raman spectra, the coverslip with the fixed cells was located onto a microscope slide equipped with a well containing PBS solution. In particular, the side of the coverslip with attached cells was immersed in the PBS solution. The laser beam passed through the coverslip and was focused above single cells. We ascertained, both visually and by means of a few Raman spectra subsequently measured on the same sample point, that this configuration did not cause sample damage as a result of photochemical reactions or sample heating.
Raman spectra were measured with a Raman confocal micro-spectrometer system (Labram from Jobin-Yvon Horiba), by using the 514.5 nm Ar+ laser line to excite the sample with 10 mW power. The laser beam was focused by a 100× oil-immersion objective (Olympus, NA = 1.3) to excite single PBLM cells. Spectra were measured in the 750-1750 cm −1 range, by focusing the laser spot above the nucleus in order to decrease the cell-to-cell variability and to collect Raman signals mainly from the nucleus (and also from the cellular material located between the cell surface and nucleus). About 30 randomly chosen single cells for each type of cellular sample (unexposed and EMFs exposed) were measured, with the Raman signal averaged over three acquisitions of 10 s each one. The backscattered light crossed an edge filter (Omega Optical, Inc. Brattleboro, VT, USA) to remove the laser signal, a square confocal hole (400 µm diagonal) and a spectrometer with a 600 grooves/mm grating. The signal detection occurred by a cooled charge-coupled device (CCD). The spectral resolution was~5 cm −1 /pixel. Background spectra, related to coverslip and PBS Raman signals, were measured by moving the sample so that the laser was focused to a cell-free area of the coverslip.
Each Raman spectrum was preprocessed by a subtraction of the corresponding background signal and the cell fluorescence and stray light signal (with an automated baseline removal method by LabSpec 5 software, version 2.02, Horiba Scientific, Kyoto, Japan, 2010). Then, each spectrum was normalized to the total spectral area. Eventually, the normalized spectra of each type of cell sample were averaged to obtain a mean spectrum for the unexposed and exposed cells. The PCA method for the set of cells irradiated for different times and the corresponding control cells was performed with ChemoSpec package of R software (version 3.4.1, R Core Team, Vienna, Austria, 2017) [24] .
ROS Analysis
Intracellular ROS production as a consequence of EMFs exposure was investigated by the green fluorescence emitted from dichlorofluorescein (DCF) [25] . Briefly, isolated PBLM cells were plated in twelve-well plates (3 × 10 3 cells/well) and incubated. After 24 h, 2µM 2,7-dichlorofluorescin diacetate (H2DCF-DA), obtained from Sigma-Aldrich (Milano, Italy), was added. Afterwards, the cells were incubated for 30 min, during which H2DCF-DA is converted by ROS in DCF. Then the cells were washed twice with PBS and the green DCF fluorescence emission was measured with a microplate reader (Wallac 1420, Perkin Elmer, Ramsey, MN, USA) by using the 485 nm and 535 nm wavelengths for excitation and emission, respectively. The fluorescence images were obtained by means of an Olympus IX71 fluorescence microscope (Olympus, Tokyo, Japan), with a 50× objective.
Results and Discussion
The averaged spectrum of normalized Raman signals collected from a mixture of control PBLM cells related to different human subject is shown in Figure 1 . Many spectral features, due to vibrational modes of functional groups inside nucleic acids, proteins, lipids and carbohydrates components are present. Assignment of the labeled Raman peaks, according to the results reported in literature [26] , is shown in Table 1 . In particular, the main peaks related to protein vibrational modes are centred at about 1003, 1260, 1615 and 1662 cm −1 , whereas resolved vibrational peaks due to nucleic acid components are located at 785, 1092 and 1580 cm −1 . The spectral feature visible as a shoulder at 1485 cm −1 is also due to nucleic acid components. As for the contribution to the spectrum of the features related to lipid components, except the peak at 1305 cm −1 , it is overlapped to that of other components in the peaks at 1060, 1380 and 1450 cm −1 . Other peaks related to different cellular components are centred at 830, 853, 1125 and 1340 cm −1 . Overall, the spectrum in Figure 1 is quite similar to those reported in literature for primary human lymphocyte and monocyte cells [27] , as well as lymphocyte [28] and monocyte [29] cell lines. In fact, the Raman spectra representative of such two different types of cells are characterized by Raman features having similar spectral positions but different relative intensity: in particular, the intensity ratio of DNA to protein peaks is larger in the lymphocyte spectra than in monocyte spectra.
Appl. Sci. 2019, 9, x 4 of 11
ROS Analysis
Intracellular ROS production as a consequence of EMFs exposure was investigated by the green fluorescence emitted from dichlorofluorescein (DCF) [25] . Briefly, isolated PBLM cells were plated in twelve-well plates (3•10 3 cells/well) and incubated. After 24 h, 2μM 2,7-dichlorofluorescin diacetate (H2DCF-DA), obtained from Sigma-Aldrich (Milano, Italy), was added. Afterwards, the cells were incubated for 30 min, during which H2DCF-DA is converted by ROS in DCF. Then the cells were washed twice with PBS and the green DCF fluorescence emission was measured with a microplate reader (Wallac 1420, Perkin Elmer, Ramsey, MN, USA) by using the 485 nm and 535 nm wavelengths for excitation and emission, respectively. The fluorescence images were obtained by means of an Olympus IX71 fluorescence microscope (Olympus, Tokyo, Japan), with a 50× objective.
Results and Discussion
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Normalized and averaged Raman spectra from a mixture of control and exposed PBLM cells, for exposure time of 20, 12 and 5 hours at 200 V/m, are shown in Figure 2a -c. Although the spectra of control and exposed cells of Figure 2 are very similar, the relative intensity of some Raman features changes in the spectra of exposed cells with respect to the control ones, particularly for exposure [26] , whose attribution is reported in Table 1 .
Normalized and averaged Raman spectra from a mixture of control and exposed PBLM cells, for exposure time of 20, 12 and 5 hours at 200 V/m, are shown in Figure 2a -c. Although the spectra of control and exposed cells of Figure 2 are very similar, the relative intensity of some Raman features changes in the spectra of exposed cells with respect to the control ones, particularly for exposure time of 20 We observed a decrease of Raman intensity of nucleic acid peaks also for PBLM cells isolated from exposed blood collected by single healthy subjects [13] . However, in this latter case the differences of the peak intensities between the control and the exposed samples (see Figure 3 of [13] ) are more prominent with respect to those shown in Figure 2 . Such a behavior is related to a marked inter-individual variability of the cellular response to the EMFs-induced stress. Our results are also compatible with those found by other authors, who observed chromosomal modifications [9, 10] and a larger amount of micronuclei [30] in human lymphocytes exposed to radiofrequency radiation.
As for the mechanisms by which EMFs exposure can influence DNA, the interaction could involve the displacement of electrons in the H-bonds of DNA. In fact, electrons can move in DNA and biochemical data suggest that EMFs can accelerate electron transfer [31] .
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As average spectra of exposed and unexposed cells show small differences of spectral intensity, the PCA method was applied to each time-dependent spectral data set for a further comparison of Raman spectra differences. In fact, the main peculiarity of PCA technique is the possibility to provide, for a given principal component (PC), the loading values, which estimate the variance of the intensity signal for each wavenumber value. Therefore, the loading plots consist of spectral data which give information about the wavenumber values at which the Raman signals furnish the main variability inside the data set, corresponding to changes in the molecular components contributing to the spectra [18] . Figure 2 . Average Raman spectra of control (black line) and exposed (red line) PBLM cells. The PBLM cells were exposed for 20 (a), 12 (b) and 5 (c) hours.
As average spectra of exposed and unexposed cells show small differences of spectral intensity, the PCA method was applied to each time-dependent spectral data set for a further comparison of Raman spectra differences. In fact, the main peculiarity of PCA technique is the possibility to provide, for a given principal component (PC), the loading values, which estimate the variance of the intensity signal for each wavenumber value. Therefore, the loading plots consist of spectral data which give information about the wavenumber values at which the Raman signals furnish the main variability inside the data set, corresponding to changes in the molecular components contributing to the spectra [18] . As a result of the performed PCA, Raman spectra of exposed and unexposed PBLM cells do not exhibit significantly different principal component (PC) score values for each investigated exposure time, as shown in Figure 3 for PC1 and PC2. This behavior can be due either to the spatial inhomogeneity of a cellular sample or to the relative weakness of the Raman signal from cells: these features result in relatively noisy spectra. When the spectra from a data set are widely spread and not clearly differentiated, as occurs in the score plots Figure 3 , mean PC1 score values can be used to characterize the groups of exposed and unexposed PBLM cells. In particular, the mean PC1 score values for 20 h exposure are 1.551•10 −3 ± 1.183•10 −3 and −1.551•10 −3 ± 1.512•10 −3 for unexposed and exposed cells, respectively. Therefore, for such exposure time we can assert that the mean score value of unexposed cells is positive, whereas that for exposed cells it is negative. A similar statement cannot be made for 12 h and 5 h exposure experiments, because the mean PC1 score values are 5.495•10 −4 ± 9.075•10 −4 and -5.644•10 −4 ± 1.083•10 −3 for 12 h unexposed and exposed cells, respectively, and −3.848•10 −4 ± 1.313•10 −3 and 4.301•10 −4 ± 1.270•10 −3 for 5 h unexposed and exposed cells, respectively.
Such remarks are important to explain the loading plots shown in Figure 4 . In particular, Figure  4 displays PC1 loading plots (red lines) compared with the difference average Raman spectra (black lines) between unexposed and exposed cells for the three investigated exposure times. In general, loading plots consist of spectra with positive and negative peaks: positive peaks correspond to an As a result of the performed PCA, Raman spectra of exposed and unexposed PBLM cells do not exhibit significantly different principal component (PC) score values for each investigated exposure time, as shown in Figure 3 for PC1 and PC2. This behavior can be due either to the spatial inhomogeneity of a cellular sample or to the relative weakness of the Raman signal from cells: these features result in relatively noisy spectra. When the spectra from a data set are widely spread and not clearly differentiated, as occurs in the score plots Figure 3 , mean PC1 score values can be used to characterize the groups of exposed and unexposed PBLM cells. In particular, the mean PC1 score values for 20 h exposure are 1.551 × 10 −3 ± 1.183 × 10 −3 and −1.551 × 10 −3 ± 1.512 × 10 −3 for unexposed and exposed cells, respectively. Therefore, for such exposure time we can assert that the mean score value of unexposed cells is positive, whereas that for exposed cells it is negative. A similar statement cannot be made for 12 h and 5 h exposure experiments, because the mean PC1 score values are 5.495 × 10 −4 ± 9.075 × 10 −4 and −5.644 × 10 −4 ± 1.083 × 10 −3 for 12 h unexposed and exposed cells, respectively, and −3.848 × 10 −4 ± 1.313 × 10 −3 and 4.301 × 10 −4 ± 1.270 × 10 −3 for 5 h unexposed and exposed cells, respectively.
Such remarks are important to explain the loading plots shown in Figure 4 . In particular, Figure 4 displays PC1 loading plots (red lines) compared with the difference average Raman spectra (black lines) between unexposed and exposed cells for the three investigated exposure times. In general, loading plots consist of spectra with positive and negative peaks: positive peaks correspond to an increasing Raman signal in the original spectra of the sample type having positive score values, whereas negative peaks indicate a decreasing Raman signal in the original spectra of the same sample type [32] . By comparing the PC1 plot in Figure 4a with the spectrum reported in Figure 1 , the PC1 positive peaks for 20 h exposure can be mainly attributed to nucleic acid components (except the peak at 1700 cm −1 , which is unassigned because there is no corresponding resolved Raman feature in Figure 1 ), whereas the negative PC1 loading peaks correspond to protein components (except the peak at 1550 cm −1 , which has no corresponding Raman feature in Figure 1 ).
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Because of the small difference between the Raman spectra of control and exposed PBLM cells, we estimated cellular effects induced by EMFs by also measuring the ROS production in the two types of cells. Indeed, it is reported that EMFs can induce ROS production, whose overproduction can lead to DNA damage [8, [33] [34] [35] . Typical fluorescence images of unexposed and 20 h exposed and 5 h (c) unexposed and exposed cells. A multiplicative factor has been applied to the difference spectrum to better visualize the comparison with the corresponding loading 1 spectra. Therefore, we can assess that PC1 plot confirms and better visualizes the relative decrease of DNA bonds in 20 h exposed PBLM cells with respect to the comparison of average exposed and unexposed Raman spectra shown in Figure 2a . In addition, the loadings of PC1, which in this case discriminate the nucleic acid from the protein components, are in good agreement with the difference spectrum between the average Raman signal of unexposed and exposed PBLM cells, as visible in Figure 4a . On the contrary, the correspondence of PC1 loading plot and difference spectrum is less evident for 12 h and 5 h exposed PBLM cells, as shown in Figure 4b ,c, respectively. Therefore, for such exposure times the biochemical effects related to exposure are quite weak, so that the PCA technique, as discussed above, does not clearly differentiate inter-group and intra-group variability and the latter considerably contribute to score and loading values [18] .
Because of the small difference between the Raman spectra of control and exposed PBLM cells, we estimated cellular effects induced by EMFs by also measuring the ROS production in the two types of cells. Indeed, it is reported that EMFs can induce ROS production, whose overproduction can lead to DNA damage [8, [33] [34] [35] . Typical fluorescence images of unexposed and 20 h exposed PBLM cells are shown in Figure 5a ,b, respectively: they clearly suggest the increase of ROS production as a consequence of exposure to EMFs. The increase of DCF fluorescence intensity from exposed PBLM cells with respect that from unexposed ones is shown in Figure 5c for the three exposure times. In particular, it is evident that the presence of ROS is almost negligible after 5 h exposure, whereas it is quite evident after 20 h exposure, thus confirming the possible induction of DNA damage after such an exposure time.
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In this research, biochemical effects due to long-term exposure of peripheral blood from many healthy people to 1.8 GHz electromagnetic field are investigated by Raman microspectroscopy technique and ROS assay. Analysis of average Raman spectra of single PBLM cells isolated from the blood samples detect biochemical modification of the nucleic acid/protein ratio in the exposed cells with respect to the unexposed ones. In particular, a decrease of the backbone and DNA bases signals with respect to protein signals is observed. Such changes are mainly evident after 20 h exposure time, as confirmed by PCA analysis too: in fact, PC1 loading spectrum provides a clear representation of the biochemical differences between exposed and control PBLM cells. Also fluorescence analysis points out an increase of ROS production in PBLM cells after 20 h of EMFs exposure. The results obtained for PBLM cells extracted from the blood of different people are similar to those previously reported for PBLM cells isolated from the blood of single healthy donors. Nonetheless, the degree of biochemical modifications deduced by Raman analysis is lower in the former case than in the latter one. This can be due to the variability of cellular sensitivity to EMFs among different people. Therefore, the most important feature of both previously published and here presented data is the possible onset of unwanted biochemical effects at cellular level in people involved in long-term exposure to EMFs. Figure 5 . Typical fluorescence image of 20 h unexposed (a) and exposed (b) PBLM cells. In (c) the increase of percentage of dichlorofluorescein (DCF) fluorescence intensity in exposed PBLM cells with respect to unexposed ones is reported as a function of exposure time.
In this research, biochemical effects due to long-term exposure of peripheral blood from many healthy people to 1.8 GHz electromagnetic field are investigated by Raman microspectroscopy technique and ROS assay. Analysis of average Raman spectra of single PBLM cells isolated from the blood samples detect biochemical modification of the nucleic acid/protein ratio in the exposed cells with respect to the unexposed ones. In particular, a decrease of the backbone and DNA bases signals with respect to protein signals is observed. Such changes are mainly evident after 20 h exposure time, as confirmed by PCA analysis too: in fact, PC1 loading spectrum provides a clear representation of the biochemical differences between exposed and control PBLM cells. Also fluorescence analysis points out an increase of ROS production in PBLM cells after 20 h of EMFs exposure. The results obtained for PBLM cells extracted from the blood of different people are similar to those previously reported for PBLM cells isolated from the blood of single healthy donors. Nonetheless, the degree of biochemical modifications deduced by Raman analysis is lower in the former case than in the latter one. This can be due to the variability of cellular sensitivity to EMFs among different people. Therefore, the most important feature of both previously published and here presented data is the possible onset of unwanted biochemical effects at cellular level in people involved in long-term exposure to EMFs.
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